Chemokines are a family of cytokines whose participation in inflammation in vivo remains to be established. Using the rat model of anti-glomerular basement membrane (GBM) nephritis, we found that mRNA for the chemokine CINC (cytokine-induced neutrophil chemoattractant) was induced in the kidney, and the corresponding protein was elaborated by isolated inflamed glomeruli. Production of CINC by glomeruli was unaffected by complement-or leukocyte-depletion prior to disease induction. Cytokines which induce CINC expression in renal cells were also expressed in the kidney during glomerular inflammation. TNF-a production, unlike CINC, was complement and leukocyte dependent. In vivo administration of anti-CINC, but not anti-human IL-8, IgG selectively attenuated the influx of PMNs into the glomerulus and commensurately diminished proteinuria. The participation of CINC was not tissue-specific: anti-CINC IgG also diminished the influx of PMNs in dermal immune complex inflammation. In sum, we propose that glomerular immune complex deposition/complement activation leads to cytokine production which results in CINC expression by endogenous glomerular cells. The CINC produced plays a contributory role in the influx of PMNs into the glomerulus in the context of the activation of other inflammatory mediators. These results suggest a potential role for CINC homologues, IL-8 and the GRO family of chemokines, in human immune complexmediated disease. (J. Clin. Invest. 1994. 94:337-344.) 
Introduction
Leukocyte migration from the blood into tissue in the context of inflammation is a complex phenomenon representing the integration of chemoattraction, endothelial adhesion, and transendothelial migration. There has been a veritable explosion of information regarding these processes over the past decade with the discovery of several families of adhesion molecules and pro-inflammatory cytokines. Part of this evolution of knowledge has included the discovery of a large group of cytokines which display a variety of proinflammatory properties referred to as chemokines (for review see references 1 and 2). The chemokines are a family of polypeptides with four conserved cysteine residues which form two disulfide bonds. This family can thus be subdivided into two large groups depending on whether or not there is an intervening amino acid between the first two cysteines yielding the CXC and CC (or a and /3) subgroups, respectively.
The principal biologic property of chemokines is their ability to attract and activate leukocytes in vitro, with the distinction between the CXC and CC subgroups being their target cell (1, 2) . The CXC chemokines, of which IL-8 is the most wellknown member, are active principally towards PMNs; whereas, the CC chemokines are relatively specific for monocyte/macrophages. However, as with most cytokines, additional work has suggested that these mediators may have pleotrophic effects (1) (2) (3) (4) . Very little is known, in fact, about the participation of the chemokines in inflammation in vivo, and studies have suggested that these cytokines may not necessarily be proinflammatory in all circumstances (5, 6) .
In an effort to understand the potential role of CXC chemokines in inflammation, we recently addressed whether the mediator cytokine-induced neutrophil chemoattractant (CINC)' might play a role in immune complex-mediated inflammation using the rat model of anti-glomerular basement membrane (GBM) nephritis (i.e., nephrotoxic nephritis). This model of glomerular inflammation is induced by a polyclonal anti-GBM antibody and much of the acute phase injury to the glomerulus is mediated by PMNs (7, 8) . We chose to focus on this particular member of the CXC family for several reasons: CINC has been shown to be active as a neutrophil chemoattractant in vitro and in vivo (9, 10) ; the potential of renal cells to make CINC in response to the cytokines TNF-a and IL-IO has been established (1 1, 12) ; and, both TNF-a and IL-if have been implicated in the pathogenesis of immune complex glomerulonephritis (13) (14) (15) (16) (17) .
The results we obtained suggest an important role for chemokines in mediating leukocyte migration in vivo. Moreover, the data provide for an understanding of the molecular mechanisms underlying chemokine synthesis in vivo, and the relative role of chemokines in the cascade of events which mediate PMN migration into tissue during immune complex-mediated inflammation.
Methods
Induction of immune complex injury. Anti-GBM nephritis was induced by the injection of a rabbit anti-rat GBM antibody, the preparation 1. Abbreviations used in this paper: CINC, cytokine-induced neutrophil chemoattractant; CVF, cobra venom factor; GBM, glomerular basement membrane; GAPDH, glutaraldehyde phosphate dehydrogenase; MPO, myeloperoxidase. of which has been described previously (18). Antiserum preparations contained no detectable endotoxin (< 0.1 U/ml). Nephritis was induced with a dose of 0.5 ml/100 g body weight by intravenous injection in Lewis rats (Charles River, Wilmington, MA). Renal function was then assessed by collecting urine for 24 h using a metabolic cage and determining proteinuria by a microspectrophotometric method with an assay system from Bio-Rad laboratories (Richmond, CA). Kidneys were harvested for PCR analysis at 1, 2, or 3 h after disease induction and flash frozen in liquid nitrogen. Kidneys were also harvested for the isolation of glomeruli (at 3 and 24 h after disease induction) or to obtain tissue for immunocytochemistry or standard histology (at 3 h after disease induction). Isolated glomeruli were used for either in vitro incubation or were dissociated into a single cell preparation for leukocyte quantification (see below).
Dermal immune complex injury was induced with the same immune complex system as the kidney disease. GBM/anti-GBM immune complexes were formed by mixing equal volumes of anti-GBM antiserum and a 2 mg/ml suspension of GBM in PBS (incubated at 370C for 30 min). Immune complex injury was then induced by the subcutaneous injection of 200 yl of immune complexes which yielded a near maximal injury (data not shown). After 8 h animals were killed and a 6-mm punch biopsy through the epidermis/dermis (ending in the pre-muscular fascia) was obtained and weighed. Histology was assessed on formalinfixed sections stained with hematoxylin/eosin. Tissue myeloperoxidase (MPO) was assessed in the remaining tissue using a published protocol and normalized for tissue weight (19) .
In vivo manipulation of inflammation. To assess the role of CINC in vivo, an affinity-purified preparation of goat anti-rat CINC was used, the preparation and characterization of which has been recently published (20) . This antibody does not react significantly with human IL-8 or rat MCP-l and reacts with the human GRO family of polypeptides with substantially less affinity (-60-fold lower) (20, 21 (20, 21) . IgG preparations contained c 0.1 U/ml of endotoxin.
To examine the roles of complement and leukocytes in cytokine expression, animals were either decomplemented with cobra venom factor (CVF) or irradiated prior to disease induction. Animals were decomplemented by administering 10 U/100 g body weight of CVF (Diamedix, Miami, FL) intraperitoneally 48, 24, and 12 h before the injection of anti-GBM antibody as previously detailed (18). This protocol depresses complement throughout the first 24 h after disease induction to < 20% of control, completely inhibits the influx of PMNs into the glomerulus, and prevents proteinuria (18; and data not shown). Animals were leukocyte depleted by exposure to 1,000 rads under anesthesia 72 h prior to disease induction. This protocol depletes circulating and resident glomerular leukocytes by > 90% (18; and data not shown).
Glomerular isolation, incubation, and leukocyte quantification. Glomeruli were isolated from saline-perfused kidneys using a sieving protocol described previously (18). Glomeruli were then used for either ex vivo incubation or dissociated into a single cell preparation for leukocyte quantitation. These preparations of glomeruli are free of circulating leukocytes (18).
Glomeruli were incubated in vitro as previously detailed (18). Briefly, after two 10-min stabilization periods, glomeruli were incubated for 10 min (for CINC) or 30 min (for TNF-a). Glomerular supernatants were then assayed for cytokine production using specific ELISAs for either CINC (20) or TNF-a (Genzyme Corp., Cambridge, MA). Cytokine production was normalized for both glomerular number and time of incubation, and is expressed as a production rate (amol/103 glomeruli/min). To determine approximate intraglomerular concentrations, an average glomerular radius of 60 um was used (ca. 1 ,1I10' glomeruli) (23) . Intraglomerular concentrations were then estimated by dividing total production for 30 min by the glomerular volume.
To perform glomerular leukocyte counts, 20-30 X 103 glomeruli from a single animal were dissociated into a single cell suspension by means of an enzymatic protocol and stained using an immunoperoxidase method previously published (24) . Briefly, cytospin preparations of leukocytes were stained with an anti-rat leukocyte common antigen (CD45; Chemicon, Temecula, CA) antibody, washed, and then exposed to a rabbit anti-mouse antibody conjugated to horseradish peroxidase (Bio-Rad Laboratories). Cells were again washed, and bound antibody was visualized with diaminobenzidine (Sigma Chemical Co. Results CINC expression/production in nephritis. As early as 1 h after the injection of the anti-GBM antibody, we found that CINC mRNA was detectable in inflamed rat kidney by reverse transcriptase PCR whereas it was undetectable in normal kidney (Fig. 1) . Induction of CINC was similarly observed in NRK49F cells exposed to IL-10 (Fig. 1) . The Figure 1 . Induction of CINC during glomerular immune complex inflammation. The expression of CINC mRNA in the kidney of normal and nephritic rats was determined by PCR as detailed in Methods. Nephritic kidneys were removed 1, 2, or 3 h after disease induction. The top and bottom panels show the PCR results using CINC and GAPDH primers, respectively. Labels on the sides indicate the sizes of the expected products. Lanes I to 8, analyses from individual rats (normal or with nephritis from 1-3 h). Lanes 9 and 10, mRNA from NRK49F rat kidney fibroblasts without or with IL-l/ stimulation as controls to show the induction of CINC. isolated 3 h after disease induction and incubated in vitro (Fig.  2) . CINC production in vitro was sufficient to produce an estimated glomerular concentration of 4 nM, a concentration which is chemotactic both in vitro and in vivo (9, 10).
Decomplementation of animals prior to the induction of nephritis, which abrogates the influx of PMNs into the glomerulus and prevents proteinuria (18; and data not shown), did not substantially diminish the elaboration of CINC by glomeruli (Fig. 2) . Leukocyte depletion prior to disease induction also did not substantially attenuate in vitro production of CINC by glomeruli from nephritic animals isolated 3 h after disease induction (Fig. 2) . Additionally, production of CINC by glomeruli isolated 24 h after disease induction, although modestly decreased relative to glomeruli isolated 3 h after disease induction (ca. 30%), was still significantly increased relative to normal glomeruli (Fig. 2) .
TNF-a and IL-] expression/production in nephritis. Since CINC expression and production are induced by TNF-a and IL-1p6 in vitro (11, 12, 20) , and since these cytokines have been implicated in the pathogenesis of nephritis (13-17), we subsequently assessed for the production of these cytokines during nephritis. Recent work has shown that IL-1,8 and TNFa mRNA are expressed in nephritic glomeruli (17 although we found that IL-la mRNA was not substantially upregulated in nephritic kidneys (data not shown).
We confirmed the production of TNF-a by inflamed glomeruli removed 3 h after disease induction by measuring TNF-a content in the supernatants from ex vivo glomerular incubations (Fig. 3) . The level of TNF-a production by inflamed glomeruli was sufficient to yield an estimated intraglomerular concentration of 0.8 nM. Normal glomeruli made no detectable TNF-a (< 0.3 amol/ 103 glomeruli/min). TNF-a production, unlike CINC, was partly complement-dependent (Fig. 3) . Decomplementation of animals prior to induction of nephritis suppressed TNF-a elaboration by -50% 3 h after disease induction. Also, unlike CINC production, TNF-a was largely dependent on the presence of leukocytes (Fig. 3) . Leukocyte depletion decreased TNF-a production by inflamed glomeruli removed 3 h after disease induction by > 90%. TNF-a production also was significantly lower 24 h after disease induction although it was still detectable (Fig. 3) .
We were additionally able to validate the induction of IL-l1p within the glomerulus, albeit qualitatively, by immunocytochemistry. As shown in Fig. 4 , IL-1p staining was apparent within inflamed glomeruli 3 h after disease induction, whereas expression by normal glomeruli was nil.
Biological significance of CINC in nephritis. To discern the contribution of CINC to the acute phase of glomerular inflammation, we next pretreated animals in vivo with affinity-purified polyclonal anti-CINC IgG (which blocks CINC functional activity in vitro) (20) . Administration of this antibody significantly decreased glomerular inflammation by standard histology (Fig. 5) . This difference was quantified by immunocytochemical analysis of dissociated glomerular cells. As shown in Figure 3 . Production of TNF-a by isolated glomeruli. Glomeruli were isolated from normal rats and from nephritic, nephritic-decomplemented, and nephritic-leukocyte depleted rats 3 h after disease induction (Neph.-3 h, Neph.-3 h + CVF, and Neph.-3 h + irrad, respectively). Glomeruli were also isolated from nephritic rats 24 h after disease induction (Neph.-24 h). Glomeruli were then cultured ex vivo, and the resulting supernatants assayed by an ELISA specific for TNF-a. Results are expressed as a production rate normalized for glomerular number (amol/103 glomeruli/min). n = 3 for all the groups shown. Comparison of nephritic rats to all the other groups was statistically significant (p < 0.05). 6 A, anti-CINC IgG decreased the influx of leukocytes into the glomerulus, principally via its effects on PMNs. Antibody administration did not affect the population of macrophages in the glomerulus at this time point. These cells represent a mixture of both the resident glomerular macrophages as well as the early influx of blood monocytes (28) .
To determine whether this reduction in PMN influx was biologically significant, we also assessed the effects of the anti-CINC IgG on the proteinuria which occurs during the first 24 h following disease induction. Proteinuria during this phase appears to be attributable mostly to the influx of PMNs with a smaller component (< 20%) attributable to complement activation (18). Administration of anti-CINC IgG reduced the acute proteinuria, commensurate to the reduction in PMN influx (Fig.  6 B) .
As an additional control we examined whether antibody to human IL-8 had any effect on the acute phase of this model of inflammation. IL-8 has a similar spectrum of action to CINC and -50% homology in primary sequence (29) . Although it is uncertain what the homologues to IL-8 are in sub-human species, recent studies have shown that monoclonal anti-human IL-8 IgGs with functional blocking activity decrease PMN influx in rat and rabbit models of acute inflammation (21, 30) . However, we found that an anti-human IL-8 IgG (DM/C7) was ineffective in diminishing glomerular inflammation or proteinuria in anti-GBM nephritis. Glomerular leukocyte counts were 113±4 and 117±9 leukocytes/glomerulus in nephritic animals treated with an isotype-matched control monoclonal and DM/C7-treated nephritic animals, respectively (n = 3 for both, P = NS). No differences were noted in the observed numbers of PMNs or macrophages with the administration of DM/C7 either (data not shown). Proteinuria was 57±4 and 87+25 mg/ 24 h in the two groups, respectively (n = 5 for both, P = NS).
Relevance of CINC to dermal immune complex injury. To discern whether the participation of CINC in immune complex injury was specific to renal inflammation, we additionally examined the effect of anti-CINC IgG on immune complex-mediated 340 Wu et al. inflammation in the skin using the same immune complex system. As shown in Figs. 7 and 8, anti-CINC IgG significantly attenuated the influx of PMNs into the dermis in response to GBM/anti-GBM complexes as seen both at the level of light microscopy as well as with the more quantitative assessment using tissue MPO activity. In contrast to proteinuria in the above Figure 6 . Effect of anti-CINC IgG on glomerular leukocytes and proteinuria. (A) Glomeruli were isolated from animals with anti-GBM nephritis treated with nonbinding IgG and nephritic animals pre-treated with anti-CINC IgG 3 h after disease induction. Normal glomeruli were also isolated. Glomerular leukocytes (CD45+ cells) and their subsets were then quantified in glomerular cell dissociates by immunocytochemistry/ nuclear morphology as detailed in Methods. The two groups of nephritic rats were significantly different for total leukocytes and PMNs (n = 7 for both, P < 0.05). CD45-cells represent mostly mesangial cells. (B) Proteinuria was determined in 24-h urine collections from normal controls, animals with anti-GBM nephritis treated with nonbinding IgG, and nephritic animals pre-treated with anti-CINC IgG. The latter two groups were significantly different (n = 10 for both, P < 0.05).
studies on nephritis, tissue edema was not affected by the administration of anti-CINC IgG either by morphology (in terms of dermal thickness, Fig. 7) or as determined by the increase in tissue weight (Fig. 8) . These data corroborate previous observations that subcutaneously injected CINC mediates a transient influx of PMNs but not vascular leakage (9).
Discussion
Although much is known about the biochemistry and in vitro activity of chemokines, little is known about their biological function in vivo. This study provides compelling evidence for the participation of the chemokine, CINC, in a rat model of immune complex-mediated inflammation in vivo. Specifically, we have established that CINC mRNA is induced early on after induction of immune-mediated glomerulonephritis, that the corresponding protein is elaborated by isolated inflamed glomeruli in physiologically active concentrations, and that inhibition of CINC using a function-blocking antibody attenuates both the influx of PMNs into the inflammatory locus and the resulting glomerular damage. As noted above, recent studies have suggested a role for an IL-8-like molecule in mediating the migration of PMNs in acute inflammation using anti-human IL-8 antibody in rats and rabbits (21, 30) . It is unlikely, though, that our results can be attributed to the participation of an IL-8-like CINC homologue. We observed expression of both CINC mRNA and CINC protein, and the anti-CINC antibody used does not cross-react significantly with the human IL-8/GRO family of chemokines (the human homologues of CINC) (11) or rat GRO/3. Although there are technical reasons that may explain the apparent discrepancies between these studies (e.g., differences in antibody administration, use of different antibodies, differences in in- Figure 8 . Effect of anti-CINC IgG on tissue MPO activity and edema in dermal immune complex inflammation. Tissue MPO content and weight was determined 8 h after the injection of immune complexes in animals pretreated with control IgG, and animals pretreated with anti-CINC IgG in 6-mm punch biopsies of epidermis/dermis as detailed in Methods. Tissue MPO content and weight were also determined in 6-mm punch biopsies of normal epidermis/dermis. The two former groups were significantly different for MPO content only (n = 6 for both, P < 0.05).
flammatory stimuli), resolution of these issues will ultimately depend on elucidation of the members of the CXC chemokines in sub-human species.
Regarding the specificity of the role of CINC in inflammation, the current data would suggest that the participation of CINC is not tissue-specific in that our anti-CINC antibody also blocked the influx of neutrophils in dermal immune complexmediated inflammation. Although our current data do not address the issue of stimulus-specificity, published work and observations by us in other models of inflammation suggest that CINC may participate in the migration of PMNs in response to multiple inflammatory stimuli (10) (Wittwer, A. J., L. S. Carr, and J. E. De Larco, manuscript submitted for publication). These data, in sum, suggest that the role of chemokines in mediating PMN trafficking may be a general one.
It is noteworthy from a pathophysiologic point of view that anti-CINC antibody attenuated proteinuria in our model of nephritis, whereas it had no effect on the generation of dermal edema in dermal immune complex-mediated inflammation. This apparent discrepancy likely reflects the difference in the generation of these two manifestations of tissue injury rather than a difference in the role of CINC. Proteinuria in anti-GBM nephritis is mediated largely via the activation of PMNs within the glomerulus and their production of reactive oxygen species or proteinases in situ (7, 8) . In contrast, the generation of tissue edema in dermal immune complex injury results from the elaboration of vasoactive substances locally (such as PGE2 and peptidoleukotrienes) by resident tissue mast cells (31) .
In addition to substantiating a role for CINC in mediating the trafficking of PMNs, data from the present work also provide insights into the molecular mechanisms underlying chemokine synthesis in vivo. As we noted, CINC expression and production were independent of the presence of complement. Thus, antibody/immune complex deposition per se appears sufficient for the expression of CINC. Moreover, the lack of an effect of either complement-or leukocyte-depletion on the expression of CINC suggests that CINC is produced exclusively by endoge- 342 Wu et al. (16, 34) . Also, we noted that CINC was produced by glomeruli from complement-depleted nephritic animals and glomeruli obtained 24 h after induction of nephritis, when PMN infiltration is substantially reduced ( 18, 35) . These data suggest that CINC is engaged as a distal mechanism in the cascade of mediators controlling PMN trafficking into glomeruli. Moreover, they suggest that the production of CINC per se is not sufficient for PMN migration, but that it plays a contributory role in the context of the activation of other inflammatory mediators.
Based on the current study and other published work (7, 8, 16-18, 24, 34, 35) , we would propose the following paradigm for the cascade of events mediating the influx of PMNs into the glomerulus in the context of nephritis. The deposition of antibody/immune complexes in the glomerulus activates complement. Both antibody and complement together activate resident macrophages via Fc and complement receptors to express the cytokines IL-1,6 and TNF-a. These cytokines then serve both to upregulate endothelial adhesiveness and to lead to the production of the chemokine, CINC, by endogenous glomerular cells (e.g., mesangial cells). Additional TNF-a-independent mechanisms to activate CINC expression may also exist. Complement activation products, CINC, and the upregulation of endothelial adhesiveness are integrated to produce the initial PMN influx and activation. Efficient PMN emigration from the vasculature, however, requires a cooperative interaction with platelets. Lipid mediators, such as leukotriene B4, appear to act as secondary positive feedback loops, which are called into play only with more substantial inflammation.
In summary, the current study serves to establish the importance of the chemokine, CINC, in rat immune complex-mediated inflammation and provide insights into the mechanisms underlying its synthesis and its relative role in the inflammatory cascade. These studies by implication suggest that human CXC chemokine homologues, IL-8 and the GRO family of polypeptides, may be similarly important in immune complex injury in man. Hopefully, developing an understanding of the role of chemokines in immune complex-mediated tissue damage will lead to pharmacologic strategies to manipulate immune complex-mediated tissue dysfunction, such as lupus nephritis, in man.
